Conventional methods for Aerosol Optical Depth (AOD) retrieval are limited to areas with low reflectance such as water or vegetated areas because the satellite signals from the aerosols in these areas are more obvious than those in areas with higher reflectance such as urban and sandy areas. Land Surface Reflectance (LSR) is the key parameter that must be estimated accurately. Most current methods used to estimate AOD are applicable only in areas with low reflectance. It has historically been difficult to estimate the LSR for bright surfaces because of their complex structure and high reflectance. This paper provides a method for estimating LSR for AOD retrieval in bright areas, and the method is applied to AOD retrieval for Landsat 8 Operational Land Imager (OLI) images at 500 m spatial resolution. A LSR database was constructed with the MODerate-resolution Imaging Spectroradiometer (MODIS) surface reflectance product (MOD09A1), and this database was also used to estimate the LSR of Landsat 8 OLI images. The AOD retrieved from the Landsat 8 OLI images was validated using the AOD measurements from four AErosol RObotic NETwork (AERONET) stations located in areas with bright surfaces. The MODIS AOD product (MOD04) was also compared with the retrieved AOD. The results demonstrate that the AOD retrieved with the new algorithm is highly consistent with the AOD derived from ground measurements, and its precision is better than that of MOD04 AOD products over bright areas.
Introduction
Aerosols are colloids of solid particles or liquid droplets suspended in the atmosphere; their diameters range from 10´3 to 10 2 micrometers. They affect the global climate in direct and indirect ways by absorbing and scattering solar radiation and can also seriously influence human health by spreading harmful substances [1] [2] [3] [4] [5] [6] .
The development of satellite remote sensing technologies has facilitated dynamic real-time aerosol monitoring on a large scale. Several methods for Aerosol Optical Depth (AOD) retrieval of passive radiometric radiances have been developed over the past 40 years. Among these, the Dense Dark Vegetation (DDV) method was the first and has proved to be the most popular. It has been widely used to retrieve AOD in areas with dense vegetation based on data from satellite sensors, such as AVHRR (Advanced Very High Resolution Radiometer) [7] , SeaWiFS (Sea-viewing Wide Field of view Sensor) [8] , and MODIS (MODerate resolution Imaging Spectroradiometer) [9, 10] . Dense vegetation has a lower reflectance in the blue and red bands compared with other land cover types with high Based on studies of land reflectance using ground measurement and airborne sensors, it was found that the reflectance of vegetation at 2.1 μm is correlated with reflectance in the red and blue bands that are used for aerosol retrieval. Under most conditions, with the exception of dust storms, aerosols are almost transparent at that wavelength, and the reflectance of the red and blue bands can be easily estimated from its apparent reflectance [12] . This method has since been improved and used for AOD retrieval from multiple satellite sensors [12, 13, [15] [16] [17] [18] .
The DDV method can be used to retrieve the AOD with high precision over land with dense vegetation cover, but the method does not work over bright areas such as cities and other areas with little or no vegetation cover [19] . In these regions, the land surface contribution to the radiance received by a satellite is larger than that over vegetated areas, so it is difficult to estimate LSR with high precision. To accomplish AOD retrieval in such areas, a structure function method (also known as the contrast reduction method) was proposed that uses a blurring effect to retrieve the AOD over bright surfaces [20] . This method estimates AOD based on the differences in reflectance between two adjacent pixels. The structure function method has been applied in various bright areas with high accuracy [21, 22] . However, to provide a reference structure function value, a clear image close to the object image is required. In most bright areas, it is difficult to acquire a clear image that meets these requirements, which seriously limits its practical application.
Studies have focused on high-resolution satellite aerosol retrievals, including the MAIAC (Multi-Angle Implementation of Atmospheric Correction) algorithm [23] and SARA (Simplified Aerosol Retrieval Algorithm) [24, 25] . These methods specifically aim to retrieve more accurate surface reflectance from MODIS data, thereby improving AOD retrieval at high spatial resolutions.
In areas that are not covered by dense vegetation, such as desert areas, the reflectance in the blue band (412 nm) is relatively higher than that over vegetated areas. However, this reflectance is Based on studies of land reflectance using ground measurement and airborne sensors, it was found that the reflectance of vegetation at 2.1 µm is correlated with reflectance in the red and blue bands that are used for aerosol retrieval. Under most conditions, with the exception of dust storms, aerosols are almost transparent at that wavelength, and the reflectance of the red and blue bands can be easily estimated from its apparent reflectance [12] . This method has since been improved and used for AOD retrieval from multiple satellite sensors [12, 13, [15] [16] [17] [18] .
In areas that are not covered by dense vegetation, such as desert areas, the reflectance in the blue band (412 nm) is relatively higher than that over vegetated areas. However, this reflectance is still relatively low, allowing AOD retrieval at a reasonable precision when the surface reflectance can be accurately determined over this type of surface. This advance led to the retrieval of AOD in the Sahara Desert [26, 27] . In areas where land cover is complex, accurate estimation of LSR is very challenging. In this paper, a new method for AOD retrieval over urban surfaces from Landsat 8 OLI images based on MODIS surface reflectance products (MOD09) for LSR estimation is proposed. Based on the combined use of these two types of satellite remote sensing data, AOD retrieval can be realized over bright areas.
Landsat and MODIS data have been used jointly in many fields. Landsat satellite data have a high spatial resolution of 30 m but a long revisiting period of 16 days; in contrast, MODIS data are more highly temporally resolved, generally with two passes per day, but have a low spatial resolution of 250 m, 500 m, or 1000 m. Studies that blend the two types of data have mainly focused on the methodology of combining the datasets. Using these data together helps improve the temporal resolution and spatial resolution of land surface or atmospheric parameters [28] [29] [30] . For example, aiming to provide continental-scale 30 m products of the United States, corrected Landsat 7 ETM+ images for atmospheric characterization data were derived from MODIS [31] . Similar to that study, this paper proposes a new algorithm for AOD retrieval from Landsat 8 OLI images supported by MODIS LSR. This algorithm makes use of a prior surface reflectance database that was constructed with a long time series of MODIS LSR data. The algorithm is then used to support the determination of LSR from the Landsat 8 OLI images. Subsequently, AOD retrieval over bright areas can be achieved from Landsat 8 OLI data.
Methods

Principles
For Lambertain surfaces under a plane-parallel atmosphere, the radiance measured by a satellite sensor can be written as a function of surface reflectance (Equation (1)) as
where L is the radiance at the top of the atmosphere (TOA), τ a is the atmospheric optical depth that is produced by gas molecules and aerosol particles, L 0 is the path radiance that is produced by scattering of particles and molecules in the atmosphere, S is the atmospheric backscattering ratio, ρ s is the surface reflectance, Tpτ a , µ v q is the transmittance from the top to the ground, Tpτ a , µ s q is the transmittance from the ground to the TOA, F 0 is the total downward radiance, and µ s , µ v and ϕ are the cosine of the solar zenith angle, the cosine of the view zenith angle, and the relative azimuth angle, respectively. The TOA reflectance received by the satellite sensor comes from the atmosphere and LSR. Equation (1) shows that the TOA radiance increases with decreasing LSR, dominated by the atmospheric path radiance. This is the foundation of the DDV method. However, when the LSR increases, the atmospheric contribution to the TOA radiance decreases, thus complicating the AOD retrieval.
However, the largest component of the satellite signal comes from the land surface, even when the LSR is very low. To retrieve the AOD, the LSR must be estimated accurately. Following the development of the DDV method for AOD retrieval, many methods have been proposed for LSR estimation in the blue and red bands over areas covered by dense vegetation. For low-reflectance land areas, the AOD can be estimated with relatively high accuracy [13, 21] . However, in areas with bright surfaces such as arid, semiarid, and urban areas, it is difficult to retrieve the AOD with high accuracy. Figure 2 shows the relationship between AOD and TOA reflectance simulated by MODTRAN 4 (MODerate spectral resolution atmospheric TRANsmittance algorithm and computer model) in the blue band (0.47 µm) under varying surface reflectance. The relationship demonstrates that the TOA reflectance still responds to an increase in the AOD when the surface reflectance is much higher than that for the DDV surfaces, which is usually less than 0.04 in the blue band [11] . Therefore, the AOD reflectance still responds to an increase in the AOD when the surface reflectance is much higher than that for the DDV surfaces, which is usually less than 0.04 in the blue band [11] . Therefore, the AOD can be retrieved accurately if the LSR can be estimated accurately. Thus, it is critical to estimate the surface reflectance in such areas. 
LSR Database Construction
MOD09A1 data encompassing the entire year of 2012 were collected and processed to support AOD retrieval. MOD09A1 provides bands 1-7 at 500 m resolution in an eight-day gridded Level-3 product. Each pixel contains the best possible observation during an eight-day period, selected on the basis of high observation coverage, low view angle, the absence of clouds or cloud shadows, and aerosol loading. The datasets provided for this product include the reflectance values of bands 1-7, quality assessment, and the day of the year for each pixel, along with the solar, view, and zenith angles. The level of accuracy of atmospheric correction is typically ± (0.005 + 0.05 × reflectance) under favorable conditions [32] .
To reduce the computation required, a one-month LSR database was created for the AOD retrieval data for that month. The lowest LSR for each pixel in four images was chosen to be the pixel for the one-month series to reduce the impact of cloud and surface contamination.
Corresponding surface reflectance was calculated for four AERONET sites, Beijing (39.977°N, 116.381°E), XiangHe (39.754°N, 116.962°E), Beijing_CAMS (39.933°N, 116.317°E) and Beijing_RADI (40.005°N, 116.379°E). Table 1 shows the difference in the surface reflectance magnitude. The contribution of the land surface to the satellite is greater than that of the atmosphere, even when the land surface reflectance at 555 nm ranged from 0.045 to 0.09. 
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Corresponding surface reflectance was calculated for four AERONET sites, Beijing (39.977˝N, 116.381˝E), XiangHe (39.754˝N, 116.962˝E), Beijing_CAMS (39.933˝N, 116.317˝E) and Beijing_RADI (40.005˝N, 116.379˝E). Table 1 shows the difference in the surface reflectance magnitude. The contribution of the land surface to the satellite is greater than that of the atmosphere, even when the land surface reflectance at 555 nm ranged from 0.045 to 0.09. 
AOD Retrieval
Data
In this study, 20 cloud-free Landsat 8 Operational Land Imager (OLI) images were acquired between May 2013 and October 2014 in the Beijing area for AOD retrieval using the new algorithm ( Table 2 ). The Landsat 8 satellite was launched by the United States National Aeronautics and Space Administration (NASA) in February 2013. Landsat 8 OLI data have eight multi-spectral bands with a spatial resolution of 30 m and a panchromatic band with 15 m resolution. The satellite covers the entire earth every 16 days. Detailed parameters are shown in Table 3 . The DN (Digital Number) values of Landsat 8 OLI data can be converted to TOA spectral reflectance using the coefficients of the reflectance rescaling factors (Equations (2) and (3)) as follows:
and
where ρ λ is the TOA reflectance without correction for the solar angle, Q cal is the quantized and calibrated standard DN value, M is the band-specific multiplicative rescaling factor, A is the band-specific additive rescaling factor, θ SZ is the local solar elevation angle, θ SE is the local sun elevation angle, and ρ˚is the TOA reflectance. Figure 3 shows the Landsat 8 OLI standard false color images (RGB: Figure 4 shows the monthly LSR distribution in the blue band of the MODIS data that corresponds with the Landsat 8 OLI images in Figure 3 . Figure 4 demonstrates that the LSR in the blue band of urban areas is higher than that of vegetation and water. Although the LSR of urban areas is relatively high, it is still lower than 0.15 in the blue band. 
where λ ρ is the TOA reflectance without correction for the solar angle, Qcal is the quantized and calibrated standard DN value, M is the band-specific multiplicative rescaling factor, A is the band-specific additive rescaling factor, θSZ is the local solar elevation angle, θSE is the local sun elevation angle, and * ρ is the TOA reflectance. Figure 4 shows the monthly LSR distribution in the blue band of the MODIS data that corresponds with the Landsat 8 OLI images in Figure 3 . Figure 4 demonstrates that the LSR in the blue band of urban areas is higher than that of vegetation and water. Although the LSR of urban areas is relatively high, it is still lower than 0.15 in the blue band. 
The Look-Up Table
To quickly and conveniently calculate AOD using the radiative transfer equation, a Look-Up Table ( LUT) was constructed using the 6S model (Second Simulation of the Satellite Signal in the Solar Spectrum). The 6S code is a basic radiative transfer code used for simulations of satellite observation that considers elevated targets and molecular and aerosol scattering and gaseous absorption (including H2O, O3, O2 and CO2) [33] . It has been used for calculation of LUTs for AOD retrieval from many sensors [12, 20, 26, 34] . The parameters in the LUT include thirteen solar and sensor zenith angles ranging from 0° to 72°, with an interval of 6°, and nineteen solar and sensor azimuth angles ranging from 0° to 180°, with an interval of 10°. The composition of the aerosol model is constantly changing in different areas, and the aerosol model selection is one of the key issues in aerosol retrieval using satellite remote sensing [35] . Therefore, the aerosol model is an important parameter that affects the precision of AOD retrieval and must be considered carefully. Previous research shows that continental aerosol can broadly describe the aerosol condition for the research area [34, 36, 37] . Therefore, the continental aerosol model is selected in the current study. Table 4 shows the detailed optical properties for continental aerosol model and Figure 5 
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AOD Retrieval
The TOA reflectance of the selected Landsat 8 OLI images was used to retrieve AOD, supported by the corresponding MOD09A1 data. Because of the different spatial resolutions of these two types of data, the Landsat 8 OLI images were resampled to a 500 m resolution. Figure 6 shows the AOD in the Beijing area retrieved from Landsat 8 OLI images at 500 m resolution. Four images with different aerosol loadings were selected to display the aerosol distribution. These results demonstrate that the new algorithm can achieve a continuous AOD distribution, even in the center of urban areas with buildings and roads, which have a high reflectance and complex structure. Conventional retrieval methods have limitations for AOD retrieval for these complex areas. The new algorithm describes the aerosol distribution and variability in greater detail at high spatial resolution (500 m) than the current operational MOD04 Level 2 AOD product (10 km). 
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Comparison with AERONET Measurements
AOD measurements from AErosol RObotic NETwork (AERONET) stations were used to validate the AOD retrieved from Landsat 8 OLI images. The AERONET stations comprise a group of ground-based remote sensing aerosol sites established by NASA, the French Centre National de la Recherché Scientifique, and numerous other partners. The program provides a long-term, continuous and readily accessible public database of optical, microphysical and radiative aerosol properties for aerosol research. The network has standardized instruments, calibration, processing and distribution, providing an AOD accuracy of ~0.01 in the absence of unscreened clouds in the visible and near-infrared ranges [38, 39] . AOD products provided by AERONET at a temporal resolution every 15 min are categorized in various levels: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level 2.0 (cloud-screened and quality-assured) [40] [41] [42] . The Level 2.0 (for Beijing site) and Level 1.5 (the other sites) AOD products were used for validation purpose. To obtain the AOD at 550 nm, the AODs at 440 nm, 500 nm, and 675 nm from AERONET were interpolated using the Angstrom Exponent method [43] [44] [45] , which uses the equation
where ( ) a τ λ is the AOD at λ, λ is the wavelength, β is the turbidity factor, and α is the band index, which are written as 
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and β " τ a pλ 1 q λ 1´α (6) The Beijing, Beijing_CAMS, Beijing_RADI, and XiangHe stations, which are located in areas with relatively bright surfaces, were chosen to validate the retrieved AOD. Figure 7 compares the AOD retrieved from Landsat 8 OLI images with the AERONET AOD. The retrieved AOD ranges from 0.05 to 2.0, and its wide distribution meets the requirements for validating retrieval results under different aerosol concentrations. 
The Beijing, Beijing_CAMS, Beijing_RADI, and XiangHe stations, which are located in areas with relatively bright surfaces, were chosen to validate the retrieved AOD. Figure 7 compares the AOD retrieved from Landsat 8 OLI images with the AERONET AOD. The retrieved AOD ranges from 0.05 to 2.0, and its wide distribution meets the requirements for validating retrieval results under different aerosol concentrations. AODs obtained from AERONET within ± 30 min of the Landsat 8 OLI overpass times were compared with the AODs retrieved from the Landsat 8 OLI images over an area of 3 × 3 pixels (1.5 km 2 area) centered on the AERONET sites. This validation shows that the retrieved AODs are consistent with the AODs from the AERONET stations. When the AOD < 0.6, the average absolute error is approximately 0.143, and when the AOD > 0.6, the average absolute error is approximately 0.206 (Table 5 ). These results indicate that the proposed algorithm can retrieve AOD from Landsat 8 OLI data with an acceptable accuracy and stability, with 67.44% falling within the expected error. AODs obtained from AERONET within˘30 min of the Landsat 8 OLI overpass times were compared with the AODs retrieved from the Landsat 8 OLI images over an area of 3ˆ3 pixels (1.5 km 2 area) centered on the AERONET sites. This validation shows that the retrieved AODs are consistent with the AODs from the AERONET stations. When the AOD < 0.6, the average absolute error is approximately 0.143, and when the AOD > 0.6, the average absolute error is approximately 0.206 (Table 5 ). These results indicate that the proposed algorithm can retrieve AOD from Landsat 8 OLI data with an acceptable accuracy and stability, with 67.44% falling within the expected error. Note: r is the proportion within the expected error.
Comparison with Standard Aerosol Products
For comparison purposes, the MOD04 Level 2 operational aerosol product corresponding with the same time and area as the AOD retrieved from Landsat 8 OLI images was obtained. The MOD04 product defines different aerosol type models, including absorbing (SSA~0.85), moderately absorbing (SSA~0.90) and weakly absorbing (SSA~0.95), through the AERONET sites in a global map for each season [46] . Figure 8 shows the validation of the AOD retrieved from two types of satellite data with the AOD measurements from AERONET stations. Validation results show that the AOD retrieved from Landsat 8 OLI images by the algorithm outlined in this paper can achieve a higher consistency with the AODs measured by AERONET (R 2~0 .9362), with a smaller RMSE (~0.1091) to that of the MOD04 product (R 2~0 .6624, RMSE~0.2509) over Beijing areas. However, differences in the AOD retrievals can be attributable not only to surface reflectance differences but also to assumptions about the aerosol models utilized in the retrievals. Note: r is the proportion within the expected error.
For comparison purposes, the MOD04 Level 2 operational aerosol product corresponding with the same time and area as the AOD retrieved from Landsat 8 OLI images was obtained. The MOD04 product defines different aerosol type models, including absorbing (SSA ~ 0.85), moderately absorbing (SSA ~ 0.90) and weakly absorbing (SSA ~ 0.95), through the AERONET sites in a global map for each season [46] . Figure 8 shows the validation of the AOD retrieved from two types of satellite data with the AOD measurements from AERONET stations. Validation results show that the AOD retrieved from Landsat 8 OLI images by the algorithm outlined in this paper can achieve a higher consistency with the AODs measured by AERONET (R 2 ~ 0.9362), with a smaller RMSE (~0.1091) to that of the MOD04 product (R 2 ~ 0.6624, RMSE ~ 0.2509) over Beijing areas. However, differences in the AOD retrievals can be attributable not only to surface reflectance differences but also to assumptions about the aerosol models utilized in the retrievals. 
Conclusions
Many methods have been developed for Aerosol Optical Depth (AOD) retrieval, and many aerosol products from different sensors have been produced based on these methods. These have enhanced our ability to characterize the spatial distribution of global aerosol properties. However, most of the methods focus on AOD retrieval over dark areas, which leads to poor AOD distribution over urban, arid and semi-arid areas. Conventional methods for AOD retrieval over areas with low reflectance cannot be applied to AOD retrieval over bright areas because there are fewer identifying properties of aerosols in the satellite signal, and the land structure is more complex. Methods of estimating Land Surface Reflectance (LSR) based on the relationship between visible and near-infrared bands cannot be used in high-reflectance areas.
In this paper, a new method for retrieving AOD from Landsat 8 Operational Land Imager (OLI) images over urban areas with high surface reflectance in Beijing is proposed. MODIS (MODerate resolution Imaging Spectroradiometer) surface reflectance products were used to assist in estimating 
In this paper, a new method for retrieving AOD from Landsat 8 Operational Land Imager (OLI) images over urban areas with high surface reflectance in Beijing is proposed. MODIS (MODerate resolution Imaging Spectroradiometer) surface reflectance products were used to assist in estimating the LSR of the Landsat 8 OLI images that was necessary for AOD retrieval. A Look-Up Table ( LUT) was constructed based on the 6S (Second Simulation of the Satellite Signal in the Solar Spectrum) radiance transfer code. The retrieved AODs were validated using AOD measurements from AERONET and compared with MOD04 Level 2 AOD observations at 10 km resolution. The results show that this new method achieves reasonable precision in AOD retrieval and describes the actual characteristics of the aerosol distribution in more detail than standard methods.
The following aspects of this new method should be improved in future studies.
(1) This paper focuses on estimation of the LSR to achieve AOD retrieval from Landsat 8 OLI data. However, the aerosol model is also a key factor that influences the precision of the AOD retrieval, and the use of a continental model will create some error; (2) The surface reflectance depends on the solar zenith and satellite viewing geometry. The Landsat 8 OLI and MODIS data have different geometries, and the characteristics of the BRDF (Bi-directional Reflectance Distribution Function) will induce some error in the LSR estimation; (3) Because of the time difference between the Landsat 8 OLI and the MODIS data, the changes in land characteristics are an additional factor that could lead to errors in the LSR calculation; (4) The influence of the non-Lambertian nature of real-world surfaces and phase function uncertainty should be estimated. These factors can introduce errors in the AOD retrieval and should be examined in the future.
